A bielectrode array comprising a jalpaite membrane (i.e., Ag 1.5 Cu 0.5 S) copper (II) 
Introduction
Despite the possibility of using ion-selective electrodes (ISEs) in the analysis of environmentally important trace metals such as copper(II) and iron(III), a past misconception has been that ISE devices lack the sensitivity and selectivity needed for the analysis of trace analytes in complex and challenging samples such as seawater.
Notwithstanding, there were several excellent papers in the 1970's and 1980's [1] [2] [3] [4] demonstrating that it is possible to use a crystalline membrane copper ISE in the analysis of nanomolar levels of copper in natural waters, as long as the ISE is handled correctly, so as to minimize the dissolution of the ISE and the concomitant carry-over of copper from sample to sample. Clearly, these seminal papers laid the foundations for the use of solid-state membrane ISEs in environmental analysis.
The great virtue of ISEs in environmental analysis is their ability to sense the free metal ion activity, which is widely recognized as a master variable governing the uptake and toxicity of metals by biota [5] , thereby providing an analytical technique capable of monitoring the impact of trace metal inputs in the environment. Notably, the free metal content of environmental waters is regulated by the metal buffering ability of the natural water [5] , as dictated by the inorganic and organic speciation of metals in the sample, and this is a critical factor in determining the fates of trace metals in the marine environment.
Copper is a major trace metal in the environment due to its extensive use in antifouling paints, and poses a serious environmental threat at high levels due to its toxicity [6] . Essentially, copper is an essential trace metal nutrient at ambient levels [7, 8] , and it has been demonstrated on a variety of aquatic organisms [7] [8] [9] [10] [11] that the toxicity of copper on marine biota is related to free copper(II) or Cu 2+ , not the concentration of total dissolved copper. This is the single most 3 important feature that makes the copper ISE so attractive in environmental science leading to considerable research in the development of copper ISE methods for the analysis of natural samples (i.e., seawater, lakes, rivers, soils, etc.) [1-4, 6-9, 12-24] .
Iron is an important limiting trace metal nutrient in marine waters [25] [26] [27] , as it limits the growth of phytoplankton and biomass production in the ocean. Since iron finds its way into marine environments by atmospheric dust deposition and by upwelling of water, it is present at very low levels in isolated areas such as Antarctica, and this was demonstrated clearly in an iron fertilization event in The Southern Ocean that led to a phytoplankton bloom in the fertilization zone [28, 29] .
A seminal paper by Zirino et al. [13] has demonstrated the positive influence of hydrodynamic flow [either at a rotating disc electrode or in a continuous flow analysis (CFA) flowcell] in lowering the detection limit of the jalpaite membrane copper(II) ISE [13] to nanomolar levels, and this led to the conclusion that ISE determinations of trace metals in seawater are undertaken ideally in a flow-injection analysis (FIA) or CFA analysis mode. Accordingly, Eriksen et al. [20] developed a CFA method for the analysis of free and total copper in Pacific Ocean seawater, and found that the total copper levels obtained by ISE potentiometry in acidified seawater compared favourably with those determined using graphite furnace atomic absorption spectrometry (GFAAS a potent environmental threat due to its extensive use in antifouling paints [6] , while iron(III) is a limiting nutrient that regulates the growth of phytoplankton and biomass production in the ocean [25] [26] [27] . This represents a significant improvement in methodology since it will enable simultaneous and rapid determinations of these environmentally important analytes in marine waters within approximately a minute, as opposed to lengthy analyses of > 10 minutes duration while each analyte is assayed separately using single electrodes [i.e., > 20 minutes for copper (II) and iron(III) or n analytes X > 20 minutes], especially if a tested and proven extrapolation method is used to estimate the steady-state CFA signals of the ISEs using the first minute or so of simultaneously recorded potential time transients in a sample [20, 30] . In this context, we have used the previously published electrode array approach of Shatkin, Szejnwald-Brown and Licht [31] in the fabrication of a bielectrode ISE array [see Figure 1 for a schematic diagram of the copper(II) and iron(III) bielectrode array]. Clearly, this study has necessitated the development of a combined copper(II) and iron(III) calibration buffer, and a study of the CFA potentiometric response characteristics of the bielectrode array in the calibration buffer was deemed necessary to ascertain if there are any cross-interference and cross-contamination effects from one electrode to the other in a combined metal ion buffer solution. Last, a CFA analysis of raw seawater was undertaken to ascertain the suitability of the new bielectrode array for the simultaneous determination of free copper(II) and iron(III) in seawater.
Experimental Copper(II) and Iron(III) ISE Membranes
The Cu(II) ISE membrane was prepared according to the procedure described elsewhere by Heijne, van Der Linden and Boef [32] . A pressed disk was prepared from the jalpaite powder by applying a pressure of 7600 kg cm -2 , and it was fashioned into a small disk that is suitable for use in the bielectrode ISE array using emery paper.
The chalcogenide glass membrane Fe(III) ISE with a composition Fe 2.5 (Se 60 Ge 28 Sb 12 ) 97.5 [33] was prepared by mixing appropriate amounts of the pure metallic powders [viz., iron (96% purity, Ajax Chemical Co.), selenium (99.5% purity, Aldrich), germanium (99.99% purity, Aldrich) and antimony (99.999% purity, Aldrich)] in a Vycor ampoule (6 cm long, 13 cm diameter, 1 mm thickness). A total weight of 3 g was used, and the evacuated ampoule was sealed prior to heating.
The ampoule was heated for 24 hours at 1030 o C followed by cooling to room temperature in air [33] . The resultant glass was annealed at 240 o C for 2 hours to remove any stress in the glass [33] .
The glass was shaped into a small disk for use in the bielectrode ISE array.
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Assembly of the Bielectrode ISE
The bielectrode ISE was assembled by incorporating both the jalpaite membrane copper(II) ISE and chalcogenide glass membrane ISE into a single electrode body (see Figure 1 ). The individual membranes were attached to separate copper wires using silver epoxy contacts, noting that the electrode configuration could accommodate several additional electrodes [mercury(II) and cadmium(II) ISEs] if desired, thereby making this electrode array a potentially powerful research tool in environmental science. The contacts were allowed to dry for 24 hours at room temperature prior to sealing both electrodes into a cylindrical Perspex electrode housing by using epoxy cement taking great care to ensure that the ISEs were isolated electrically. Note, the epoxy resin was allowed to cure for 48 hours, and the bielectrode tip was polished on 500 grit silicon carbide paper to expose the membrane surface of the electrode followed by mechanical polishing sequentially on 1000 grit silicon carbide paper and on Stuers™ 1 micron diamond spray in conjunction with
Stuers™ red lubricant and a Stuers™ polishing cloth until a mirror finish was obtained.
Ethylenediamine-Salicylate-EDTA Dual Buffer for Copper(II) and Iron(III)
A combined copper-iron buffer was prepared using 10 pump. The CFA manifold [30, 34] is presented in Figure 3 .
A freshly polished and newly calibrated ISE was employed in all cases. Solutions were stored in polyethylene containers that had been soaked in 10 wt.% nitric acid for 2 days prior to rinsing with copious amounts of Milli-Q high-purity water (>18 MΩ resistivity). The electrode was equilibrated with a sacrificial pCu ≈ 15 and pFe ≈ 22 prior to the analysis of each seawater sample, thereby minimizing the electrode carry-over of adsorbed Cu 2+ and Fe 3+ . A seawater sample (several hundred millilitres) was collected from The Aquaculture laboratory at the Muresk Institute of Agriculture at Curtin University, and the unfiltered and unadulterated sample (at pH 8) was used in the ISE analysis of free copper(II) and iron(III) in seawater using CFA.
Results and Discussion

Copper(II) and Iron(III) Speciation in the Calibration Buffer
Recent work by De Marco and co-workers [35] used electrochemical impedance spectroscopy (EIS)/synchrotron radiation-grazing incidence X-ray diffraction (SR-GIXRD) to monitor in-situ the surface chemistry of the iron(III) ISE in artificial and real seawater showing that the surface crystalline phases of this sensor (i.e., metal selenides) are attacked aggressively by chloride and hydroxide in organic-free or artificial seawater, but this deleterious process is suppressed significantly by the natural organic ligands in seawater. The EIS/SR-GIXRD data revealed a destruction of the surface layer of the ISE in organic-free or artificial seawater due to a complete removal of all surface crystalline phases, while raw seawater comprising natural organic ligands and a seawater ligand mimetic system containing en, salicylate, EDTA along with millimolar and sub-millimolar amounts of iron and copper is capable of protecting the iron(III) ISE's surface against this destructive dissolution process. In later research by the authors [34] , it was demonstrated that this seawater ligand mimetic was capable of averting the seawater ligand interference on the chalcogenide glass membrane iron(III) ISE allowing reliable determinations of free iron(III) in seawater, and this is the reason for its selection as the calibration buffer in the present study. Table 1 lists the equilibria and major species that are implicated in the MINTEQA2 V3.11
calculations of the metal speciation in the calibration buffer system. The MINTEQA2 V3.11
software uses its database of equilibrium constants, K, at zero ionic strength, I, and utilizes a socalled ion association model to correct to K(I) taking account of the variation in activity coefficients, γ, as a function of I, viz. Table 1 .
The free copper(II) and iron(III) levels at the equilibrium pH values in the calibration buffer were calculated using the MINTEQA2 V3.11 software obtained from the Scientific Software Group (USA). In this medium, it is evident that an adjustment of the pH leads to deprotonation/protonation of the copper(II) and iron(III) binding ligands (i.e., ethylene diamine, salicylic acid and EDTA) in the buffer solution influencing the speciation of copper(II) and iron(III) in the buffer, and this behaviour is exemplified by the MINTEQA2 V3.11 speciation data for the calibration buffer that are presented in Figure 4 .
An examination of Figure 4 shows that the pCu and pFe values in the buffer in the pH range of 5 to 9 are pFe = 10 -21 and pCu = 5 -15, respectively. Given that free and total levels of copper(II) and iron(III) in seawater generally fall within the ranges, pCu total = 8 -10 and pCu free = 11 -13 [7] [8] [9] [10] [11] 23] as well as pFe total = 9.0 -10.7 and pFe free = 19.5 -21.2 [25-27, 36, 37] , a pH range of 5 to 9 is ideally suited to providing a calibration range applicable to the analysis of free copper(II) and iron(III) in raw seawater, as well as total copper(II) and iron(III) in acidified seawater that breaks down all of the copper(II) and iron(III) complexes in seawater yielding the level of total dissolved metal [12, 20] . 
CFA Response of the Bielectrode ISE in the Calibration Buffer
CFA Analysis of Seawater
It is important to note that quadruplicate CFA measurements of free Cu(II) and Fe(III) concentrations in seawater using the bielectrode ISE and the combined buffer yielded values of pCu=12.16 ± 0.21 and pFe = 20.2 ± 0.32, noting that the copper(II) and iron(III) ISE techniques have been validated previously [12, 20, 23, 30, 38] and that the present values compare favourably with recent data obtained by Millero, Yao and Aicher [27] as well as Eriksen et al. [20, 23] for free copper(II) and iron(III) in seawater, respectively. It is worth noting that the CFA response curves of the copper(II) ISE in seawater (not shown) required about ten minutes to achieve a steady-state value, and this is consistent with previous reports by Eriksen et al. [20] . Nevertheless, Eriksen et al. [20] demonstrated that it is possible to employ an electrode kinetic model describing the response characteristics of the ISE to extrapolate reliably the steady-state potential of the copper(II) ISE using the first couple of minutes of the potential time transient following a switch to seawater, and De Marco, Pejcic and Wang [30] showed that this extrapolation method is also applicable to the iron(III) ISE. Clearly, simultaneous measurements of analyte concentrations using the bielectrode ISE array in conjunction with an extrapolation method to predict the steady-state potentials of the individual ISEs following a switch into a seawater sample will provide a powerful method for the rapid and reliable analysis of copper(II) and iron(III) in seawater.
Conclusions
The results of this study demonstrate that a copper(II) and iron(III) bielectrode ISE array and a combined copper(II) and iron(III) calibration buffer can be used in the rapid and reliable calibration of a CFA system within minutes. Accordingly, it is possible to employ the calibrated bielectrode ISE array in the CFA electroanalysis of free copper(II) and iron(III) in raw seawater.
The sluggish response of the copper(II) ISE in seawater (with over 10 minute equilibration times) may be averted by using an extrapolation method to predict reliably the steady-state potential using the initial data (first minute or so) in the potential time transient of a seawater sample, and this provides scope for sample throughputs of 30-60 samples per hour. 
